Human neuroimaging studies have identified a network of distinct face-selective regions in the ventral occipito-temporal cortex (VOTC), with a right hemispheric dominance. To date, there is no evidence for this hemispheric and regional specialization with direct measures of brain activity. To address this gap in knowledge, we recorded local neurophysiological activity from 1,678 contact electrodes implanted in the VOTC of a large group of epileptic patients (n = 28). They were presented with natural images of objects at a rapid fixed rate (six images per second: 6 Hz), with faces interleaved as every fifth stimulus (i.e., 1.2 Hz). High signal-to-noise ratio face-selective responses were objectively (i.e., exactly at the face stimulation frequency) identified and quantified throughout the whole VOTC. Face-selective responses were widely distributed across the whole VOTC, but also spatially clustered in specific regions. Among these regions, the lateral section of the right middle fusiform gyrus showed the largest face-selective response by far, offering, to our knowledge, the first supporting evidence of two decades of neuroimaging observations with direct neural measures. In addition, three distinct regions with a high proportion of face-selective responses were disclosed in the right ventral anterior temporal lobe, a region that is undersampled in neuroimaging because of magnetic susceptibility artifacts. A high proportion of contacts responding only to faces (i.e., "face-exclusive" responses) were found in these regions, suggesting that they contain populations of neurons involved in dedicated face-processing functions. Overall, these observations provide a comprehensive mapping of visual category selectivity in the whole human VOTC with direct neural measures.
Human neuroimaging studies have identified a network of distinct face-selective regions in the ventral occipito-temporal cortex (VOTC), with a right hemispheric dominance. To date, there is no evidence for this hemispheric and regional specialization with direct measures of brain activity. To address this gap in knowledge, we recorded local neurophysiological activity from 1,678 contact electrodes implanted in the VOTC of a large group of epileptic patients (n = 28). They were presented with natural images of objects at a rapid fixed rate (six images per second: 6 Hz), with faces interleaved as every fifth stimulus (i.e., 1.2 Hz). High signal-to-noise ratio face-selective responses were objectively (i.e., exactly at the face stimulation frequency) identified and quantified throughout the whole VOTC. Face-selective responses were widely distributed across the whole VOTC, but also spatially clustered in specific regions. Among these regions, the lateral section of the right middle fusiform gyrus showed the largest face-selective response by far, offering, to our knowledge, the first supporting evidence of two decades of neuroimaging observations with direct neural measures. In addition, three distinct regions with a high proportion of face-selective responses were disclosed in the right ventral anterior temporal lobe, a region that is undersampled in neuroimaging because of magnetic susceptibility artifacts. A high proportion of contacts responding only to faces (i.e., "face-exclusive" responses) were found in these regions, suggesting that they contain populations of neurons involved in dedicated face-processing functions. Overall, these observations provide a comprehensive mapping of visual category selectivity in the whole human VOTC with direct neural measures.
face perception | intracerebral recordings | fast periodic visual stimulation | face selectivity | fusiform gyrus A brief glance at a face provides a wealth of information about a person's identity, emotional state, sex, age, attractiveness, and other important cues for social communication. Hence, being able to identify a face as a face and distinguish it from multiple variable nonface objects (i.e., face categorization) is a prerequisite for understanding all face-perception functions. The functional definition of brain regions supporting face categorization in humans has been investigated extensively as a primary research goal, and these findings may serve as a rich model for understanding perceptual categorization and brain organization in general.
Postmortem brain autopsies and structural imaging of individuals with face-recognition impairment after brain damage (i.e., prosopagnosia) (1, 2) point to a large territory of the human ventral occipito-temporal cortex (VOTC), from the occipital pole to the temporal pole, with a right hemispheric advantage, as the neural basis of face categorization (refs. 3-7; for recent reviews, see refs. 8 and 9). In the normal human brain, functional neuroimaging has been the primary method for investigating the neural basis of face categorization, first with positron emission tomography (PET) (10) and then with functional MRI (fMRI) (11, 12) . Collectively, these studies have reported larger brain responses to face images than other visual objects in clusters, patches, or functional regions of a few cubic millimeters within the human VOTC (e.g., refs. [10] [11] [12] [13] [14] [15] [16] . The clusters consistently reported across studies are localized in the lateral part of the middle/posterior fusiform gyrus [fusiform face area (FFA)] (12) and in the lateral part of the inferior occipital gyrus [occipital face area (OFA)] (17), as well as in the posterior superior temporal sulcus, a region that may be involved in more general and dynamic social communication functions (18) . In right-handed individuals at least, these face-selective regions are typically larger in the right than the left hemisphere (14, 19) . More recently, some fMRI studies have defined two faceselective regions in the lateral part of the middle/posterior fusiform gyrus (FFA1 and FFA2) (15) and one in the anterior temporal lobe (fATL) (14, (20) (21) (22) (23) .
Each of these regions is thought to have a definite function, or computational role, as a node in a vast network of face-selective areas (8, 13) . However, fMRI provides only a hemodynamic (i.e., indirect) measure of neural activity, suffering from wide variations in signal-to-noise ratio (SNR) across brain regions, which has important consequences. For instance, the heterogeneous magnetic susceptibility of the local anatomy causes a strong signal dropout in the anterior VOTC (22, 24) so that fMRI studies may fail to report genuine face-selective responses in this region (25) , and category selectivity in general is often limited to the posterior section of the VOTC (15) . Moreover, smaller, scattered, face-selective responses in the VOTC may be entirely missed by
Significance
Understanding the neural basis of face perception, arguably the most important visual function for human social ecology, is of the utmost importance. With an original fast periodic visual stimulation approach, we provide a comprehensive quantification of selective brain responses to faces throughout the ventral visual stream with direct recordings in the gray matter. Selective responses to faces are distributed in the whole ventral occipitotemporal cortex, with a right hemispheric and regional specialization supporting two decades of indirect recordings of human brain activity in neuroimaging. We also disclose three distinct face-selective regions in the anterior temporal lobe, an undersampled region in neuroimaging, and reveal exclusive responses to faces at the neural population level in these regions.
fMRI studies that identify only sufficiently large clusters of activation near blood vessels. More generally, these variations in SNR make it impossible for neuroimaging studies to identify, quantify, and thus compare face-selective responses across the whole human VOTC.
To date, the only alternative approach to clarify this issue is afforded by field potentials recorded in awake patients implanted with intracranial electrodes along the ventral and lateral occipitotemporal cortex (26, 27 ). These relatively rare (i.e., compared with neuroimaging) intracranial electroencephalographic (iEEG) recordings offer a unique opportunity to measure direct local neural activity with a very high SNR. iEEG studies comparing faces and nonface objects have recorded face-selective responses in widely distributed regions of the VOTC and made a number of important observations for understanding the neural basis of face categorization (26) (27) (28) (29) (30) (31) (32) (33) (34) . However, even when large samples of participants are tested, face-selective responses are broadly distributed in the VOTC, without evidence of a clustered organization as found in fMRI (27, 30, 34) . Thus, even though a good correlation between fMRI and iEEG face-selective responses has been shown in specific cortical regions of a few participants (35) (36) (37) (38) (39) , the dominant role of the posterior fusiform gyrus (FG) and inferior occipital gyrus (IOG), and of the right hemisphere, in face categorization, has never been validated by direct measures of neural activity. More generally, although iEEG recordings do not suffer from regional variations in SNR, direct neural face-selective responses have not been localized, quantified, and compared across anatomical regions of the human VOTC.
Up to now, beyond the intrinsic difficulty of such studies and the limited availability of implanted patients, the major obstacle against a cartography of face selectivity at a large anatomical field of view in the VOTC has been the lack of objectivity in the definition of iEEG face-selective responses. For instance, increases of neural activity to faces compared with nonface objects can be found at various time scales, both in low-frequency responses time-locked and phase-locked to the stimulus [i.e., eventrelated potentials (ERPs), such as the N200/N170 component (27, 31, 36, 40) ] and in non-phase-locked high-frequency electrophysiological activity [high-frequency broadband, i.e., gamma activity (29, 30, (33) (34) (35) 40) ]. In the latter case, relevant frequency bands vary substantially across recording sites, individual brains, and time windows, making it virtually impossible to objectively define, quantify, and compare face-selective responses across different brain regions.
A potential powerful approach to overcome this problem is to stimulate the human brain at a fast fixed frequency rate for a prolonged time, a rather old stimulation method (41) best known for the type of electrophysiological responses that it generates, the "steady-state visual evoked potentials", on the scalp (42) . The main advantages of this approach are its extremely high SNR, providing significant responses in a few minutes of stimulation or less, and its objectivity: The neural response of interest concentrates in the EEG exactly and exclusively at the known frequency rate of stimulation and its harmonics (42, 43) . To our knowledge, the application of this approach in intracerebral recordings is rare (37, 44) and has not been used to address the issue of category selectivity.
Here, we use this fast periodic visual stimulation (FPVS) approach to report a comprehensive definition and quantification of face-selective responses across the VOTC in a large group of participants (n = 28) implanted with intracerebral electrodes. Using a paradigm recently validated in human adults (45) and infants (46) , participants were shown sequences (70 s) of widely variable natural images of multiple object categories presented at a rapid periodic rate of six images per second (6 Hz). Images of faces were presented as every fifth image ( Fig. 1 A and B) . In this design, the common neural response to faces and nonface objects projects to the 6-Hz base rate. However, if faces elicit a differential neural response compared with all other categories, it will appear exactly at the experimentally defined frequency (i.e., 6 Hz/5 = 1.2 Hz). Thus, irrespective of the presence and magnitude of a 6-Hz response, a response at 1.2 Hz indicates category selectivity for faces, or face selectivity. This face-selective response can be objectively defined (i.e., at a known stimulation frequency) without subtraction across conditions (45) and quantified within anatomical regions throughout the whole VOTC, providing a cartography of category (face) selectivity in the human brain.
Results
A total of 192 electrode arrays, each containing 5-18 contiguous recording contacts, were implanted in the VOTC of 28 participants (44 individual hemispheres). These electrodes contained 1,678 individual recording contacts in the gray matter (left hemisphere, 988; right hemisphere, 690) (see Fig. 1C for typical electrode trajectories). In the frequency domain, responses occurring at 6 Hz and harmonics reflect the common response to faces and nonface stimuli (i.e., general visual response) whereas responses at 1.2 Hz and harmonics (2.4 Hz, 3.6 Hz, etc.) reflect face-selective responses (Fig. 1A) (45) . A contact was considered as face-selective if a significant response was found at one or more of the first four face stimulation frequency harmonics.
Despite the brief recording time (two or four sequences of 70 s), high SNR face-selective responses were recorded in the VOTC exactly at 1.2 Hz and harmonics (see Fig. 2A for an example of recording in the right FG). In a nonperiodic condition (where the exact same stimuli were shown in random order, with no face periodicity), there were no contacts with significant responses at 1.2 Hz and harmonics (Fig. 2B) , even though the 6-Hz general visual response was comparable to that observed in the periodic condition. (Fig. 4) . Table  1 shows the number of contacts in each of these regions (individual brains were not normalized, but see Table S1 for the coordinates of these regions in the MNI and Talairach spaces). Fig. 4 displays the averaged iEEG frequency spectra in each region of the right hemisphere (see Fig. S3 for the left hemisphere). In the occipital lobe (OCC), face-selective responses were recorded in the IOG and in a large portion of the ventral and medial occipital cortex. Responses in the ventro-medial occipital cortex were distributed over multiple anatomical regions and were generally small relative to large general visual responses. Therefore, for sake of simplicity, these responses were grouped into the same region of interest [ventromedial occipital (VMO), comprising the occipital part of the CoS, the lingual gyrus, the calcarine sulcus, the cuneus, and the occipital pole].
In the posterior temporal lobe (PTL), face-selective responses were mainly recorded in the middle FG. The middle FG is divided longitudinally by the midfusiform sulcus in its medial and lateral sections (15) . We recorded face-selective responses in the medial FG and adjacent CoS (medFG) and in the lateral FG and adjacent occipito-temporal sulcus (latFG). Face-selective responses In the nonperiodic condition, no face-selective responses were observed. In both conditions, general visual responses occurring exactly at the base frequency (6 Hz) and harmonics were recorded, with comparable amplitudes and SNR across conditions. *z > 3.1; P < 0.001. were also recorded more laterally in the inferior temporal gyri (ITG) and middle temporal gyri (MTG).
In the anterior temporal lobe (ATL), face-selective responses were mainly recorded in the ventral ATL in three distinct regions: In summary, we recorded high-SNR face-selective responses in many regions of the VOTC, extending from the occipital pole to the ATL. These face-selective responses were particularly large in the latFG and IOG (Fig. 4) . The general visual responses at 6 Hz were predominant in the OCC, medFG, and antFG.
Quantification of Face-Selective Response Amplitudes. To quantify and compare response amplitudes across regions, we summed the baseline-subtracted amplitudes over harmonics for each face-selective contact, separately for the face-selective responses (sum of the 12 first face-selective frequency harmonics, excluding the 5th and 10th harmonics that coincided with the base frequency) and for the general visual responses (sum over the first four base frequency harmonics). We averaged across contacts to obtain the mean response amplitude for each type of response and region.
Across all regions, the largest face-selective response, by far, was recorded in the right latFG (Fig. 6 ). This right latFG response was significantly larger than in all other regions taken independently (P < 0.05, two-tailed permutation test) (SI Text), except for the right antFG, which had the second largest response together with the right IOG ( Fig. 6 and Table S2 ). Strikingly, the mean Talairach coordinates of the face-selective responses found in the right latFG (x = 41, y = −45, z = −16) (Table 2 ) and in the right IOG (x = 43, y = −71, z = −7) match the coordinates of face-selective clusters found with fMRI in these regions [right FFA and right OFA, respectively; e.g., ref.
14; right FFA average Talairach coordinates in a study with a large sample of participants: x = 38, y = −43, and z = −17 (14) ]. The largest general visual responses were recorded in the OCC (VMO and IOG), in the medFG and in the antFG, whereas the smallest responses were recorded in the MTG/ITG and in the ATL (antCoS, antOTS, and antMTG/ITG) (Fig. 6 ). Note that the results of the quantification analysis were independent of the number of harmonics included in the analysis (Fig. S4A) .
Although the proportion of face-selective contacts did not differ between right and left latFG (left: 30 of 36, 83.3%; right: 33 of 35, 94.3%; P = 0.144, Pearson's χ 2 test), there was a significantly (21) 242 (17) 555 (28) The corresponding number of participants in which these face-selective contacts were found is indicated in parentheses.
larger face-selective response in the right latFG (mean difference: 26.03 μV) ( Fig. 6 ; see Table 2 for results of the permutation tests). However, the general visual response did not differ between these two regions ( Fig. 6 and Table 2 ). The IOG also showed a nonsignificant trend toward a larger face-selective response in the right hemisphere ( Fig. 6 and Table 2 ).
In the ventral ATL, the face-selective response was larger in the antFG than in its adjacent sulci (antOTS and antCoS) in the right hemisphere only (P < 0.05). The general visual response was also larger in the antFG than in the antOTS and antCoS in both hemispheres (P < 0.05).
Because of the very high frequency resolution, the analysis used here is highly resistant to (intracerebral) artifacts (mainly epileptic spikes), which are more broadly distributed across the frequency spectrum than the specific frequencies of visual stimulation (37, 42) . Nevertheless, to test for the robustness of the results, we performed the same quantification analysis after artifact rejection (SI Text). This complementary analysis yielded virtually identical results to those without artifact rejection (Fig. S5 ).
Clustered Spatial Organization of Face Selectivity in VOTC. Face-selective responses were widely distributed across the VOTC, with the largest responses found in specific anatomical regions of the right hemisphere. Because of the high spatial resolution of the SEEG approach (in the present study, the intercontact center-to-center spacing is 3.5 mm, whereas it is 5-10 mm in recent electrocorticography or ECoG studies) (e.g., refs. 35 and 49), we were also able to explore the spatial organization of face-selective responses at a finer scale within the different face-selective regions.
To do so, we first visualized face selectivity at single contacts within individual brains (see Fig. 3B for examples of four individual brains). We observed that face-selective contacts along an electrode (i.e., array of recording contacts mainly in the medio-lateral axis) tend to be spatially contiguous. This finding was reflected in the mean number of contiguous face-selective contacts (OCC, 4.3 ± 3.6 contacts; PTL, 4.9 ± 3.5; ATL, 2.6 ± 1.9; both hemispheres grouped) and in the mean distances between face-selective contacts (OCC, 5.1 ± 3.2 mm; PTL, 4.1 ± 0.9; ATL, 5.5 ± 4.2) which were significantly different from when randomly shuffling the contact location (P < 0.01 for all comparisons) (SI Text).
We also observed that, among face-selective contacts, the contacts with the largest face-selective amplitude tended to be spatially contiguous. This finding is exemplified in Fig. 3B , where the largest face-selective responses were grouped in specific regions (latFG, antOTS, and IOG). Highly face-selective contacts were defined for each electrode separately as contacts with a distinctively high amplitude (i.e., amplitude >3 SDs from the amplitude of the lowest contacts) (SI Text). The proportion of electrodes containing highly face-selective contacts was maximal in the antCoS, antFG, antOTS, medFG, latFG, and IOG, while being smaller in the VMO or equal to zero in the remaining regions ( Fig. 7A ; both hemispheres grouped). Among these electrodes, the mean distance between these contacts was significantly smaller than when randomly shuffling their positions on the electrodes ( Fig. 7B and SI Text), showing that highly face-selective contacts tended to spatially cluster.
To further visualize and examine the spatial clustering of highly face-selective responses in each anatomical region, we quantified the spatial variation of face-selective response amplitude across the length of each electrode (SI Text). The profiles displayed in 7C represent the mean variation of face-selective response amplitude as a function of the distance from the maximum amplitude in each region (averaging both sides around the maximum and pooling across hemispheres to increase the number of data points). In most regions (except in MTG/ITG and antMTG/ITG), the second or third largest responses were contiguous to the maximum and significantly above the amplitude expected by chance if the contacts were randomly located (i.e., 95% confident interval) (Fig. 7C, gray area) . This finding indicates that the largest face-selective responses tend to cluster in specific regions.
Face-Exclusive Responses. Strikingly, some individual recording contacts in the VOTC exhibited exclusive responses to faces-i.e., significant face-selective responses without any general visual response (for examples, see Fig. 8A ). There were few face-exclusive responses in the occipital cortex (15, mainly in the IOG), 38 in the PTL (mainly in the MTG/ITG and in the latFG), and 58 in the ATL (mainly in the antOTS, antCoS, and antMTG/ITG). The proportion of face-exclusive contacts (with respect to all face-selective contacts) increased from posterior to anterior regions (Fig. 8B ) and was maximal in the right ATL (30 of 68; 44.1%). In the ATL only, the proportion of face-exclusive contacts was significantly higher in the right than in the left hemisphere (44.1% vs. 28.6% respectively; P = 0.039, Pearson's χ 2 test). To rule out the possibility that the higher proportion of faceexclusive responses in the ATL was merely due to this region's inability to generate responses at a fast rate (i.e., 6-Hz base rate), 11 of the participants performed a control experiment in which the exact same stimuli were presented at a slower base frequency rate (1.5 Hz) (SI Text). The reduction of general visual responses from posterior to anterior regions was similar whether we used 1.5 or 6 Hz as the base stimulation frequency (Fig. S4B) . Moreover, the disappearance of the general visual responses on some contacts was not due to a global amplitude reduction, which would have affected first the general visual response because it is lower than face-selective response to begin with ("floor effect"). Indeed, we observed a similar reduction of general visual responses from posterior to anterior regions when general responses were extracted from groups of contacts with similar mean face-selective response amplitudes across regions (Fig. S4C ).
Summary. In quantifying face selectivity across the whole human VOTC with intracerebral recordings and a high-sensitivity stimulation approach in a large group of individual brains, we made a number of key observations regarding the neural basis of face categorization. First, in line with human intracranial recording studies, we reported face-selective responses across all of the VOTC. Second, we validated two decades of functional neuroimaging findings with a direct measure of neural activity: Among all VOTC regions, the right latFG, corresponding to the right FFA, shows the largest face-selective response, followed by the right IOG (OFA). Third, we found different spatial organizations of face-selective responses across regions, with the key regions (i.e., IOG, latFG, and ATL regions) showing a clustered organization of highly faceselective responses. Fourth, we identified three regions exhibiting face-selective responses in the ventral ATL, specifically the antCoS, the antFG, and the antOTS. Finally, we report a number of face-exclusive responses at the population level, with these responses increasing along a posterior to anterior axis in the VOTC to reach almost 50% in the right ATL.
Discussion
Wide Distribution of Face-Selective Responses Across the VOTC. Besides the dominant latFG and IOG, face-selective responses were found in regions that are not, or are rarely, identified as faceselective in fMRI: the VMO, the medFG, the MTG/ITG, and in a large portion of the ventral ATL. These results are in line with All electrodes containing at least one face-selective contact were identified and pooled across hemispheres. The number of electrodes included in the analysis for each region is indicated in parentheses. Next, electrodes were spatially centered with respect to the contact recording the largest face-selective response. Each electrode was then folded around the maximum by averaging responses from equidistant contacts on both sides of the maximum. Face-selective responses measured at corresponding contacts across electrodes were then averaged by region. The resulting profiles represent the mean variation of face-selective response amplitude as a function of the distance from the maximum (maximum located at 0 mm). To statistically assess the clustering of highly face-selective responses in each region, these profiles were compared with a random distribution of profiles generated by repeatedly performing the exact same analysis after randomly shuffling the location of contacts in each electrode (i.e., both original and random profiles were spatially centered on the largest face-selective response). Shaded gray areas and thin gray lines, respectively, represent the 95% confidence interval and the mean of these random distributions. Face-selective responses above or equal to the 95% confidence interval are shown as larger filled markers.
previous iEEG observations of widely distributed face-selective responses in the VOTC (27, 30, (33) (34) (35) 50) . However, face-selective responses are even more extensively distributed here than previously observed, in particular compared with the seminal study of Allison et al. (27) , using grids of electrodes on the cortical surface (ECoG). Moreover, our proportion of VOTC face-selective responses is larger than in previous studies. For example, whereas Allison et al. (27) reported 121 face-selective responses in 98 participants (N200: 82 responses, P350: 39 responses), we disclosed 555 face-selective responses in 28 participants. Importantly, our wide distribution and high proportion of faceselective responses cannot reflect low-level visual differences between faces and nonface objects, not only because all images were equalized for mean pixel luminance and contrast. Most critically, the numerous natural images of face and object vary widely in lighting, contrast, size, viewpoint, etc. Thus, low-level cues do not vary systematically at the specific periodic rate of faces (1.2 Hz), eliminating the putative contribution of these cues to the measured face-selective response (45) . Hence, face-selective responses in this stimulation mode disappear when images are phasescrambled, preserving low-level visual cues (i.e., power spectrum; refs. 45 and 46) . Moreover, with this approach, both generalization (across widely variable face exemplars) and discrimination (from widely variable nonface objects) are mandatory to elicit faceselective responses. Generalization is necessary because categorizing only a subset of the face stimuli as faces would break the 1.2-Hz periodicity. Discrimination of faces from each of the other object categories, not only from an average of their response as in a standard fMRI localizer (e.g., refs. 12, 16, and 51), is also necessary here. Indeed, if one of the nonface categories elicits the same response as faces, the 1.2-Hz periodicity will be disrupted. Finally, high selectivity to faces is ensured by using 14 nonface categories, a larger number than in previous studies, with a majority of studies comparing faces to a single nonface category (houses or cars typically; e.g., ref. 14; see also ref. 27 for 4-6 nonface categories in iEEG). Despite this control, and even though there is no other visual category than faces eliciting such a large specific response at the population level with such a right hemisphere advantage in the human brain, we cannot formally exclude the possibility that yet another visual category would also elicit category-specific 1.2-Hz responses in the VOTC if presented every fifth stimuli in our rapid visual stimulation sequence. Such a comparison of different categoryselective response maps could be directly performed in future studies with the present FPVS approach.
Here we argue that two key aspects of the present study may account for the particularly large proportion and wide spatial distribution of face-selective responses identified. First, unlike ECoG (27) , stereotactic electroencephalography (SEEG) records within cortical sulci, in which a substantial proportion of face-selective responses were found (i.e., CoS and OTS in the PTL and antCoS and antOTS in the ventral ATL). Second, we used a FPVS approach providing: (i) an objective criterion to identify even small neural responses above noise level in the frequency domain and (ii) an extremely high SNR compared with standard stimulation approaches (42, 43, 45) . In summary, our results support the view that neural populations widely distributed across the human VOTC, rather than a few localized functional regions only as found in neuroimaging studies, generate robust selective responses to faces.
Regional Peaks of Face Selectivity. Although the right latFG shows the largest and most consistent face-selective response in human neuroimaging (e.g., refs. 8 and 12-14), previous iEEG studies did not identify this region as showing the largest face-selective response in the VOTC, because face-selective responses were not compared across regions (30, 34) , the issue of FG lateralization was not addressed (35) , or face-selective responses in the FG were not lateralized [ERPs (27) ; broadband gamma activity (40)]. Here, of all anatomically defined VOTC regions, the largest face-selective iEEG response was found in the lateral section of the right middle FG (latFG; Talairach coordinates: x = 41, y = −45, z = −16), which corresponds to the right FFA (10, 12) . This observation therefore validates with a direct measure of neural activity the predominant face-selective activation in the right latFG found in human neuroimaging (i.e., the FFA) (12) .
The larger face-selective response in the right than in the left latFG may be at least partly due to the spatial organization of faceselective neuronal populations. To record large face-selective responses on some contacts in the right latFG as here, a large number of face-selective neurons should be densely grouped nearby the recording contacts. Although we were not able to compare right and left latFG with our clustering analysis because of a low statistical power (6 and 3 electrodes peaking in right and left latFG, respectively), this hypothesis is supported by the dense clustered organization of highly face-selective responses found in the latFG when both hemispheres were grouped. In addition, although face-selective responses were also recorded in the medFG here, they were substantially smaller in amplitude than in the latFG. This observation supports the recently discovered cytoarchitectonic and fMRI-based functional mediolateral division of the FG (52) .
The right hemispheric dominance of our electrophysiological measures is in line with the well-established dominance of this hemisphere in face perception as evidenced by divided visual field presentation (53), neuroimaging (e.g., refs. 10, 12, and 14) and scalp EEG (54) , including studies performed with the same paradigm as used here (45, 46) . Most importantly, our results agree with the localization of brain damage in patients with acquired prosopagnosia, whose lesions are either bilateral or localized unilaterally in the right hemisphere (refs. 2-7, except in a few lefthanded patients: for review, see ref. 9) , as well as with the right dominance of the lateral section of the middle FG in producing conscious distortions of a perceived face (38, 40) .
Importantly, prosopagnosia can also be due to lesions of the right IOG (refs. 4 and 51; see also ref. 55 for face-processing impairment due to transcranial magnetic stimulation over this region), as well as of the right ATL (56) . In line with evidence from these lesion studies, here, the second largest face-selective responses were found in the right IOG and antFG, two regions in which highly face-selective responses were also clustered. The right IOG corresponds to the cortical territory where the OFA is typically located (16, 17, 51) , so that our observations again validate the findings of neuroimaging studies of face perception. The right antFG is part of the ventral ATL, whose role in face perception is currently the focus of intense research (ref. 25 ; for review, see ref. 57 ) and which will be discussed next.
A Set of Face-Selective Regions in the ATL. Although the fMRI signal in the ventral ATL is absent or very weak, previous iEEG studies have found widely distributed face-selective responses in this region, yet without providing precise anatomical information (i.e., ref. 32). Here, we took advantage of the high spatial resolution of depth electrodes and their specific recordings of both gyri and sulci to clarify the locations of face-selective responses in the ventral ATL. We found a wide distribution of face-selective responses in the ventral ATL (antCoS, antFG, and antOTS) in specific and reproducible anatomical locations across individual participants. In these regions, we also found clusters of highly faceselective responses, even if their mean amplitude was not among the largest (except in the right antFG). This result is probably because our anatomical regions of interest were larger in size than the corresponding clusters. Face selectivity in the antCoS is in line with the finding of faceselective responses in the anterior segment of the CoS bilaterally in a few relatively recent fMRI studies (14, (20) (21) (22) (23) 58) . Moreover, we found face-selective responses in the antOTS, which is a major VOTC sulcus, located laterally to the antCoS (47) . Although the antOTS was never explicitly mentioned as a face-selective area in fMRI, visual analysis of individual data from these studies suggests that some anterior face-selective activations fall into the antOTS, and not into the antCoS as described (20, 22, 23) . Our finding is also in agreement with ECoG studies reporting face-selective responses close to the antCoS and antOTS (27, 50) . Given that antCoS and antOTS correspond to different cytoarchitectonic structures [perirhinal cortex and temporal isocortex, respectively (59)], these two regions may be functionally distinct and may support different face-selective neural processes.
The antFG is located anteriorly to the posterior FG and the typical location of the FFA (25, 48, 60) . Unfortunately, because of magnetic susceptibility artifacts, fMRI signal recorded from this antFG region is absent or very weak (20) (21) (22) (23) (24) (25) . As a result, only a handful of fMRI studies reported face-selective activations in the antFG, and little is known about the role of this region in face processing (refs. 21, 23 , and 58; but see ref. 61 for categorical differences between unfamiliar and familiar faces in the right antFG using PET). A recent iEEG study using depth electrodes recorded electrophysiological face-selective responses directly from the right antFG in a single participant (25) . Electrically stimulating these intracerebral sites evoked transient prosopagnosia, pointing to a causal role of the right antFG in face recognition. Identifying clear iEEG face-selective responses specifically in this region in several individual brains here further supports its prominent role in human face recognition.
Accumulating data with the present approach over very large samples of individual brains, as well as refined anatomical definitions of the regions of interest (for example, based on cyto-or receptorarchitectonics) (e.g., ref. 52) should progressively clarify the relative functional importance of these ATL regions in face categorization.
Face-Exclusive Responses Predominant in the Right ATL. Previous human iEEG studies recorded large responses to faces with weak responses to nonface stimuli over the VOTC (27, 50) . Here, thanks to a clear definition of signal and noise provided by the fast periodic stimulation and the frequency domain analysis (43), we were able to objectively assess the absence of response (i.e., no signal above noise) to nonface objects at face-selective contacts. We found numerous face-selective responses in the absence of a general visual response. Such EEG spectra have not been found on the human scalp (45) . Because intracerebral contacts pool the activity of hundreds of thousands of neurons, this finding reveals the presence of exclusive responses to faces at a macroscopic level of cortical organization (i.e., cell population level). Exclusive responses to the category of faces have been found in single neurons in the monkey superior temporal sulcus (62, 63) , and there is evidence that these neurons are grouped in cortical columns or larger clusters (64) so that face-selective areas identified in fMRI in monkeys contain an extremely large proportion of neurons responding exclusively to faces (64) . Here, to our knowledge, we report the first evidence of face-exclusive responses at a cell-population level in humans.
The right ATL recorded the highest proportion of face-exclusive responses, suggesting that it is involved in the highest stages of face processing. Compared with face processes that require information about the context (e.g., face detection among visual scenes or other objects), processing faces independently from the context (i.e., nonface categories) may be particularly useful for processes that are known to be specific to faces (e.g., encoding and retrieval of information specific to an individual face, holistic processing of individual exemplars, sex, age, expression, social judgments, etc.). This suggestion is consistent with fMRI and brain lesions studies showing that right ATL may play a role in face individualization and semantic knowledge about people (10, 56, 65, 66) .
Conclusions
Thanks to intracerebral recordings performed in a large human population and a fast periodic presentation of objects and faces, objective face-selective responses were defined and quantified by anatomical regions along the whole VOTC. Our findings reconcile two main views of the large-scale functional organization of face selectivity in the VOTC: on the one hand, the partial and clustered organization identified by fMRI studies and, on the other hand, the widely distributed, scattered face-selective responses found by iEEG studies. Although face-selective populations of neurons are present across the whole VOTC, they are more densely distributed in specific regions, such as the right latFG, which are typically identified in fMRI and may be the most critical regions for this function. Even though the frequency-tagging approach used here essentially concentrated on quantitative differences between regions, it also revealed a qualitative difference at a finer-scale level, with an increasing proportion of electrode contacts showing exclusive response to faces as one progresses from posterior to anterior VOTC regions, particularly in the right hemisphere. Taking advantage of this objective and sensitive approach, future studies with higher recording samples in each region may be able to extract significant information from the patterns of face-selective harmonic responses in amplitude and phase (i.e., the shape of the output function) in various VOTC regions, and make further progress in our understanding of the spatiotemporal dynamics of face categorization in the human brain.
Materials and Methods
Participants. The study included 28 right-handed participants (15 females, mean age: 30.5 ±4.4 y) undergoing clinical intracerebral evaluation with depth electrodes [SEEG (67) ] for refractory partial epilepsy. Participants were studied in the Epilepsy Unit of the University Hospital of Nancy between December 2012 and March 2015. Participants were included in the study if they had at least one intracerebral electrode implanted in the temporal or occipital lobe and if they were right-handed (as assessed by the Edinburgh Handedness Inventory). They all gave written consent to participate to the study, which was part of a protocol approved by the human investigation committee of the University Hospital of Nancy. All but two participants performed the Benton Face Recognition Test (68) before the SEEG exploration, with an average score of 41.8 ± 4.4 (20 participants above a score of 39 of 54, indicating normal performances in matching individual faces, and 6 participants below 39 of 54, indicating mild impairment).
Intracerebral Electrode Implantation and Recording. Intracerebral electrodes were stereotactically implanted within the participants' brains to delineate their seizure onset zone. Each intracerebral electrode consisted of a cylinder of 0.8 mm diameter and contained 8-15 independent recording contacts of 2 mm in length separated by 1.5 mm from edge to edge and by 3.5 mm center-to-center (for details about the electrode implantation procedure, see ref. 25) . Typical trajectories of depth electrodes implanted in the temporal and occipital lobes are shown in Fig. 1C . Intracerebral EEG was recorded at a 512-Hz sampling rate with a 256-channel amplifier with either a midline prefrontal scalp electrode (FPz, in 21 participants) or an intracerebral contact in the white matter serving as reference electrode (in 7 participants).
FPVS Paradigm.
Stimuli. A total of 200 grayscale natural images of various nonface objects (from 14 nonface categories: cats, dogs, horses, birds, flowers, fruits, vegetables, houseplants, phones, chairs, cameras, dishes, guitars, and lamps) and 50 grayscale natural images of faces were used, and were the same as in a recent study (45) [see Fig. 1B for examples of various face exemplars (stimuli available at dx.doi.org/10.5061/dryad.5f9v7) and Fig. S6 for mean images for each category]. Each image contained an unsegmented object or face near the center that differed in terms of size, viewpoint, lighting conditions, and background. Images were equalized for mean pixel luminance and contrast. Procedure. Participants viewed continuous sequences with highly variable natural images of objects presented at a rate of 6 Hz through sinusoidal contrast modulation (Fig. 1A) . A sequence lasted 70 s, including 66 s of stimulation at full contrast flanked by 2 s of fade-in and fade-out, where contrast gradually increased or decreased, respectively. The long sequence duration produces a high-frequency resolution (sequences of 63 s long were taken into account in the analysis, yielding a frequency resolution of 1/63 = 0.016 Hz) that allows isolating the response of interest into a narrow frequency bin, which greatly enhanced its SNR (42, 43) . The experiment consisted of two types of sequences: (i) periodic and (ii) nonperiodic. In the main condition (i.e., periodic), highly variable natural images of faces were presented periodically as every fifth image (i.e., at 1.2 Hz = 6/5 Hz), with all images being randomly selected from their respective categories ( Fig. 1A ; see also Movie S1 for an example of visual stimulation in the periodic condition). In the control condition (i.e., nonperiodic), the exact same stimuli were shown in random order so that there was no face periodic input at 1.2 Hz. Participants were unaware of the periodicity of the faces in the periodic condition. Each participant was presented with at least two sequences of the periodic condition and one sequence of the nonperiodic condition, in pseudorandom order (∼5 min of experiment, including short breaks). The experiment was repeated a second time for 12 of 28 participants. No participant had seizures in the 2 h preceding FPVS recordings. During the sequences, participants were instructed to fixate on a small black cross which was presented continuously at the center of the stimuli and to detect brief (500 ms) color changes (black to red) of this fixation cross.
Intracerebral EEG Analysis.
Frequency domain processing. Segments of iEEG corresponding to stimulation sequences were extracted (74-s segments, −2 to +72 s). In our main analyses, no artifact rejection was performed because intracerebral artifacts (mainly epileptic spikes, but also electro-oculographic and electro-myographic activity because we used a prefrontal scalp electrode as reference electrode for most of the participants) are more broadly distributed across the frequency spectrum than the frequencies of interest (i.e., 1.2 and 6 Hz and their respective harmonics). The 74-s data segments were cropped to contain an integer number of 1.2-Hz cycles beginning 2 s after the onset of the sequence (right at the end of the fade-in period) until ∼65 s, before stimulus fade-out (75 face cycles ∼ 63 s). Sequences were averaged in the time domain, separately for each condition and each participant. Subsequently, a fast Fourier transform (FFT) was applied to these averaged segments, and amplitude spectra were extracted for all contacts. Face-selective responses. The FPVS approach used here allows for identifying and separating two distinct types of responses (45): (i) a general visual response occurring at the base stimulation frequency (6 Hz) and its harmonics, as well as (ii) a face-selective response at 1.2 Hz and its harmonics. Faceselective responses significantly above noise level at the face stimulation frequency (1.2 Hz) and its harmonics (2.4, 3.6 Hz, etc.) were determined by transforming the frequency spectra to z scores (45, 69) . The z scores were computed as the difference between amplitude at each frequency bin and the mean amplitude of the corresponding 48 surrounding bins (25 bins on each side, i.e., 50 bins, but excluding the 2 bins directly adjacent to the bin of interest, i.e., 48 bins) divided by the SD of amplitudes in the corresponding 48 surrounding bins. A contact was considered as face-selective if a z score was >3.1 (i.e., P < 0.001, one-tailed: signal > noise) for at least one of the first four face-selective frequency harmonics in the periodic condition (1.2, 2.4, 3.6, or 4.8 Hz; we considered it unlikely that face-selective responses would manifest only at harmonics above the 6-Hz base frequency). Quantification of responses amplitude. Baseline-corrected amplitudes were computed as the difference between the amplitude at each frequency bin and the average of 48 corresponding surrounding bins (25 bins on each side, i.e., 50 bins, but excluding the 2 bins directly adjacent to the bin of interest, i.e., 48 bins) (e.g., ref. 70). The face-selective and general visual responses were then quantified at each face-selective contact as the sum of the baseline-subtracted amplitude across harmonics (70, 71) . The range over which face and base frequency harmonics were summed was constrained by the highest significant harmonic across participants (z score > 3.1; P < 0.001). Across all participants, no significant face-selective response was found above the 14th harmonic (i.e., 16.8 Hz), and no significant base frequency responses was found above the 4th harmonic (i.e., 24 Hz). Face-selective responses were therefore quantified as the sum of the baseline-subtracted amplitudes at the face-selective frequency harmonics from the 1st until the 14th (1.2 until 16.8 Hz), excluding the 5th and 10th harmonics (6 and 12 Hz) that coincided with the base frequency. General visual responses were similarly quantified by summing the amplitudes from the 1st until the 4th base frequency harmonics (6 until 24 Hz). Thus, for each face-selective contact, we obtained two amplitude values that respectively represented the overall face-selective response and the overall general visual response. SNR spectra were also calculated as the ratio between the amplitude at each frequency bin and the average of the corresponding 48 surrounding bins for display purposes and comparison across studies.
Contact Localization in the Individual Anatomy. Rather than normalizing individual brains by linear transformation, which blurs the individuality of functional organization, we subdivided individual brains in anatomical regions of interest using individual anatomical landmarks (i.e., gyri and sulci) (Fig. S2) . Individual face-selective contacts were then localized according to this anatomical subdivision and grouped by anatomical location across all participants. We used a topographic parcellation of the VOTC close to that proposed by Kim et al. (48) . Major VOTC sulci served as medio-lateral landmarks (CoS and OTS), and coronal reference planes containing given landmarks served as postero-anterior landmarks (Fig. S2) . A coronal plane including the anterior tip of the parieto-occipital sulcus served as the border of the occipital and temporal lobes. A coronal plane including the posterior tip of the HIP served as the border of PTL and ATL. In a separate analysis, anatomical MRIs were also spatially normalized to determine Talairach and MNI coordinates of intracerebral contacts. Amplitudes of general visual and face-selective responses were statistically compared across pairs of regions containing groups of face-selective contacts by using a permutation test. Specifically, the signal amplitudes measured at all recording contacts in two given regions were randomly assigned in two bins, with the number of contacts in each bin being equal to the number of contacts in each region. Next, the difference between the means of the two random bins was computed and stored. Because permutation shuffles the region label of each contact, the difference between the means of the two new bins reflects the difference between regions under the null hypothesis (i.e., that the contacts in the two regions are drawn from the same population). This process was repeated 20,000 times to obtain a distribution of differences across regions expected under the null hypothesis. A two-tailed P value was computed as the fraction of the permutation distribution that was either smaller or larger than the observed mean difference between compared regions (depending on the sign of this difference). The minimal attainable P value was constrained by the number of permutations performed (i.e., here, minimal P value = 2/20,000 = 0.0001).
Supporting Information
Complementary Analysis with Artifact Rejection. In addition to the analyses reported in the main text, an amplitude quantification analysis after a step of SEEG artifact rejection was performed. For each patient's data, the following steps were performed: the 63-s sequences were segmented in epochs of duration of one cycle of 1.2 Hz (i.e., 833 ms); epochs from separate sequences were pooled together; epochs in which signal amplitude at any time point was above or below 4.5 times the across-epoch SD were rejected (the mean percentage of rejected epochs across participants was 28.8% ± 12.5%); remaining epochs were averaged together; and a FFT was performed on these averaged epochs (frequency resolution of 1.2 Hz). The face-selective and general visual responses at the face-selective contacts identified by our main analysis were quantified by using the same methodology.
Clustered Spatial Organization in Face-Selective Regions. The spatial organization of face-selective responses was explored at a finer scale within the different face-selective regions. Clustering of face-selective contacts. The tendency of face-selective contacts to be spatially contiguous with each other was determined by measuring for each main region (i) the mean distance between face-selective contacts and (ii) the mean number of face-selective contacts spatially grouped together (i.e., immediately adjacent to each other). Given that recording contacts are regularly spaced apart on electrodes (i.e., arrays of 8-15 recording contacts), this analysis was performed at the level of individual electrodes in each participant's native anatomy. For each participant, we first selected all VOTC electrodes that contained at least one face-selective contact. Each selected electrode was labeled according to the main region where it was located (OCC, PTL, or ATL). Next, the following steps were performed: (i) in each electrode, the number of face-selective contacts contiguously located and the distance between adjacent face-selective contacts were computed and stored; and (ii) these values were averaged across participants/electrodes for each main region. The spatial contiguity and mean distances across face-selective contacts were statistically tested by running a randomization test. Specifically, distributions of contiguity and mean distances expected by chance were built by repeating steps (i) and (ii) 2,000 times after randomly shuffling the location of all contacts from each electrode at each iteration. The significance of the original contiguity and distances were determined by comparing them to the random distribution. Clustering of highly face-selective contacts. The tendency of the contacts showing the largest face-selective amplitude to be spatially contiguous was also tested. Highly face-selective contacts were defined at the level of single electrodes, as contacts with a distinctively high amplitude relative to the distribution of amplitudes in the electrode. Highly face-selective contacts were identified as contacts with an amplitude >3 SDs from the mean amplitude of the 75% of the contacts with the lowest amplitude. Each electrode was labeled according to the anatomical location of its most face-selective contact (i.e., contact showing the largest face-selective response amplitude). The clustering of highly face-selective contacts in each anatomical region was examined by first determining the proportion of electrodes containing highly face-selective contacts. Among these electrodes, the mean distances between highly face-selective contacts were measured and statistically tested by using a randomization test similar to that described above.
The spatial clustering of face selectivity was further examined in each anatomical region. To do so, the spatial variation of faceselective response amplitude across the length of each electrode (an electrode is an array of recording contacts) was quantified in the following way: (i) All VOTC electrodes with at least one face-selective recording contact were selected; (ii) the amplitude of the face-selective response at all contacts (face selective or not) of the selected electrodes (i.e., 8-15 contacts separated by 3.5 mm center-to-center, per electrode) was measured; (iii) each electrode was labeled according to the anatomical location of its most face-selective contact; (iv) all electrodes were spatially aligned with respect to the location of the contact with maximal face-selective response amplitude; (v) electrodes were pooled by regions across the left and right hemispheres (to increase the number of data points); (vi) each electrode was "folded" around the maximum by averaging amplitude values from equidistant contacts on both sides of the maximum; and (vii) the resulting face-selective profiles for each region were averaged. The averaged profiles represent the mean variation of face-selective response amplitude as a function of the distance from the maximum. To statistically assess the clustering of highly face-selective responses in each region, a randomization analysis was used. Specifically, the original averaged face-selectivity profiles was compared with a random distribution of profiles generated by repeating steps (iv) to (vii) 2,000 times, randomly shuffling the location of contacts separately in each electrode, at each iteration. This process allowed generating for each region a confidence interval for the average profile expected by chance if the contacts were randomly located. Because we centered each electrode relative to the maximum faceselective amplitude both for the original and the random contact locations, both types of profiles exhibit a maximum of equal amplitude. However, if the largest face-selective responses tend to spatially cluster in a given region (and therefore tend to be contiguous to the maximum), the responses around the maximum should be significantly above the profiles computed after randomly shuffling contacts location.
Control Experiment at 1.5-Hz Stimulation Rate. To ensure that the pattern of variation of the general visual responses across regions was independent from the stimulation rate (6 Hz), the amplitude of general visual responses was measured in an additional control experiment performed in 11 of our participants. They performed the exact same experiment but with a lower base frequency rate (base frequency, 1.5 Hz; face-selective frequency, 1.5/5 = 0.3 Hz; three to six sequences of 70 s per participant). General visual responses at 1.5 Hz were quantified at each face-selective contact (defined using the 6-Hz experiment) as the sum of the baseline-corrected amplitude across harmonics (up to the highest significant harmonic across patients, i.e., 24 Hz for the 6-Hz experiment and up to 13.5 Hz for the 1.5-Hz experiment). The pattern of response amplitudes is independent from the number of harmonics included in the quantification. Although the number of harmonics included to quantify the responses was objectively defined (from the first until the highest significant harmonic across participants), the pattern of results is stable whatever the number of harmonics included in the analyses. Here face-selective responses (Upper) and general visual responses (Lower) are quantified as a function of the number of harmonics included in the analyses. Data are represented as the mean across contacts for each VOTC region (SEMs across contacts are represented as error bars). Differences between regions already emerge from the first harmonics and remain stable regardless of the number of face or base frequency harmonics used in the analyses. (B) The decrease of the general visual response in anterior regions does not result from an inability of these anterior regions to generate a response at 6 Hz. The figure compares the mean baseline-subtracted amplitude of general visual responses in the 1.5-Hz experiment (control experiment) to the general visual responses in the 6-Hz experiment (main experiment) in the 11 patients who performed both experiments. The same pattern of response amplitude in the 6-and 1.5-Hz base rate experiments are found, with a decrease of amplitudes from posterior to anterior regions. (C) The decrease of the general visual response in anterior regions is not due to a global response amplitude reduction. The mean baseline-subtracted amplitude of the general visual responses is compared across regions for groups of contacts showing similar mean face-selective response amplitudes. To do so, the following analysis was performed: (i) contacts from left and right regions were grouped together; (ii) in each region, contacts for which the face-selective response amplitude was located between 0 and 15 μV were selected (based on the range of the response of the least responsive region: antMTG/ITG): the minimum number of contacts within this amplitude range across regions was 7 in antFG; (iii) for each region a combination of 7 contacts (by randomly sampling from the pool of contacts in the range of 0-15 μV) for which the mean amplitude was the closest to the mean amplitude of the region with the least number of contacts (i.e., antFG: 7 contacts) was searched for; and (iv) the mean general visual response amplitude at corresponding contacts was extracted. A similar reduction of general visual responses from posterior to anterior regions as for the main analysis with all of the contacts was observed. . Average across images in each category (faces and 14 categories including cats, dogs, horses, birds, flowers, fruits, vegetables, houseplants, phones, chairs, cameras, dishes, guitars, and lamps). n indicates the number of images for each category in our set of stimuli. 
